Abstract. Paclitaxel is widely used to treat various cancers; however, resistance to this drug is a major obstacle to breast cancer chemotherapy. To identify the proteins involved in paclitaxel resistance, the present study compared the proteomes of MCF-7 human breast cancer cells and its paclitaxel-resistant subclone MCF-7/PTX. Using two-dimensional gel electrophoresis and matrix-assisted laser desorption/ionization time of flight mass spectrometry, 11 upregulated and 12 downregulated proteins were identified in MCF-7/PTX cells compared with the parental cell line. These 23 proteins were functionally classified as stress-induced chaperones, metabolic enzymes and cytoskeletal proteins. The anti-apoptotic proteins, stress-70 protein, 78-kD glucose-regulated protein, peptidyl-prolyl cis-trans isomerase A (PPIA) and heterogeneous nuclear ribonucleoprotein H3, were also upregulated in MCF-7/PTX cells. Notably, knockdown of the stress-response chaperone PPIA using small interfering RNA in MCF-7/PTX cells restored their sensitivity to paclitaxel. These findings indicated that PPIA may have an important role in paclitaxel resistance in MCF-7/PTX cells.
Introduction
Taxanes, including paclitaxel and docetaxel, are microtubule-stabilizing agents that are widely used to treat various cancers. Taxane-resistant breast cancer is common; therefore, the identification of resistance markers and a detailed understanding of the mechanisms mediating paclitaxel resistance are required to develop optimal treatment strategies and to identify responsive patients (1) . A previous study described at least three potential mechanisms of paclitaxel resistance (2) . The first involves decreased intracellular drug accumulation caused by the overexpression of membrane-bound drug efflux proteins, such as P-glycoprotein. However, clinical trials focusing on P-glycoprotein inhibitors as chemosensitizing agents did not report promising outcomes for patients with relapsing solid tumors and hematological malignancies (3) . The other two mechanisms involve mutations in β-tubulin and overexpression of β-tubulin isotypes (2) . For example, numerous studies reported that mutations in the paclitaxel-binding sites of β-tubulin were associated with drug resistance, while other studies were unable to detect these mutations in paclitaxel-resistant breast cancers (4-7). Overexpression of β-tubulin isotypes occurs in a restricted number of patients with paclitaxel-resistant ovarian cancer and occasionally in patients with breast cancer; however, knockdown of β-tubulin expression by RNA interference had no effect on the sensitivity of paclitaxel-resistant ovarian cancer cells (6, 8, 9) . Therefore, the proposed mechanisms of paclitaxel resistance remain controversial.
Global analysis of gene expression using cDNA microarray is often used to determine the molecular mechanisms underlying drug resistance. Since the correlation between mRNA abundance and protein levels is poor, proteome analysis is considered superior to cDNA microarrays for the analysis of cell function. Furthermore, two-dimensional gel electrophoresis (2-DE) analysis offers advantages because of its high resolution and ability to detect posttranslational modifications (10, 11) . Therefore, a proteomic approach using 2-DE in combination with drug sensitivity studies may provide further insight into the mechanisms of paclitaxel resistance. In the present study, a proteomic analysis using 2-DE and matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF) mass spectrometry was conducted to identify proteins that play critical roles in paclitaxel resistance. The proteomic analysis revealed 11 upregulated and 12 downregulated proteins in paclitaxel-resistant MCF-7/PTX cells compared with the paclitaxel-sensitive MCF-7 parental cells. Furthermore, it was demonstrated that peptidyl-prolyl cis-trans isomerase A (PPIA), which is also known as cyclophilin A, may have an important role in the resistance of tumor cells to paclitaxel.
Materials and methods
Cell culture. The human breast cancer cell line MCF-7 and its paclitaxel-resistant subclone MCF-7/PTX were obtained from Dr Amadeo M. Parissenti (Tumor Biology Research Program, Sudbury Regional Hospital, Sudbury, Canada) (12) . Cells were cultured in Dulbecco's modified Eagle's medium (Wako Pure Chemical Industries, Ltd., Osaka, Japan) supplemented with 10% fetal bovine serum (Tissue Culture Biologicals, Long Beach, CA, USA) at 37˚C in a humidified atmosphere containing 5% CO 2, and were harvested in mid-log phase.
MTT assays for drug sensitivity. Cell viability was assessed 3 days later using MTT assays, as described previously (13) . The cells (5x10 3 per well) were seeded into 96-well culture plates and pre-incubated for 24 h at 37˚C. Paclitaxel was added at various concentrations (0, 0.1, 0.3, 1, 3, 10, 30, 100, 300 and 1000 nM) and then incubated for 3 days at 37˚C. MTT solution was added (final concentration, 0.45 µg/ml) and subsequently incubated for 2 h at 37˚C. MTT formazan crystals were dissolved in DMSO (Nacalai Tesque, Inc., Kyoto, Japan). The absorbance of each well was read at 540 mn using a SH-1000Lab microplate reader (Corona Electric Co., Ltd., Hitachinaka, Japan). Half maximal inhibitory concentration (IC 50 ) values were calculated from three independent experiments performed in triplicate. The results are shown as a percentage of the absorbance of the medium alone, and are expressed as the mean ± standard error of the mean.
Protein preparation. Harvested cells were washed in ice-cold PBS prior to lysing in chilled lysis buffer containing 7 M urea (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 M thiourea, 5% (w/v) CHAPS, 5% (v/v) IPG buffer (pH 3-10 NL; GE Healthcare Life Sciences, Chalfont, UK), 50 mM DTT and 25 µg/ml each of DNase I and RNase A (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). Lysates were sonicated three times for 3 sec each (Handy Sonic UR-20P; Tomy Seiko, Tokyo, Japan). Samples were centrifuged at 15,000 x g for 30 min, and the supernatants were subjected to protein quantification using a 2-D quantification kit (GE Healthcare Life Sciences) prior to use in the 2-DE experiments.
2-DE experiments.
2-DE was performed as described previously (14) . For isoelectric focusing (IEF), an Immobiline DryStrip (pH 4-7 or 3-10, 7 cm; GE Healthcare Life Sciences) was immersed in sample solution (~500 µg of protein) and rehydration buffer (8 M urea, 0.5% [w/v] CHAPS, 20 mM DTT and 1.25% [v/v] IPG buffer). IEF was performed using the NA-1410R7 electrophoresis apparatus (Nihon Eido, Co., Ltd., Tokyo, Japan) set to 50 V for 6 h, 100 V for 6 h and 2,000 V for 7-9 h. Subsequently, the IPG strips were equilibrated at room temperature for 15 min in a solution containing 6 M urea, 1% SDS, 30% glycerol, 50 mM Tris-HCl (pH 8.8), and 60 mM DTT. The strips were equilibrated for an additional 15 min in the same solution, except that DTT was replaced with 0.24 M iodoacetamide, prior to 2-D SDS-PAGE using 12.5% SDS gels. After electrophoresis, the gels were fixed in 10% trichloroacetic acid solution for 1.5 h, washed with double-distilled water three times for 5 min each, stained with Coomassie brilliant blue (CBB) R-250, and then scanned using a GS-800 Calibrated Densitometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA). To verify the results, lysates from three individual preparations were run on four pH 4-7 and pH 3-10 NL gels each.
Image analysis. The 2-DE images were analyzed using Prodigy 2D software (version 1; Nonlinear Dynamics, Ltd., Durham, NC, USA). Spots were detected, matched automatically to a master gel and then edited manually. The total intensity of valid spots was used for normalization. Matched spots from triplicate gel sets with a statistically significant difference in intensities (P<0.05) and an average fold difference of >1.5 in spot volume were defined as differentially expressed between MCF-7 and MCF-7/PTX cells.
In-gel digestion.
A pipette tip was used to excise protein spots from the 2-DE gels. Gel pieces were destained in a solution containing 30% acetonitrile and 25 mM ammonium bicarbonate for 10 min, dehydrated in 100% acetonitrile for 10 min, and then dried using a SpeedVac (Tomy Seiko). Dried gel pieces were rehydrated for 30 min on ice in 5 µl of 50 mM ammonium bicarbonate containing 50 ng of sequencing-grade modified trypsin (Promega Corporation, Madison, WI, USA). After overnight incubation at 37˚C, peptides were extracted by vortexing for 30 min followed by sonicating for 3 min.
Protein identification by mass spectrometry. The peptide extracts were desalted using C18 ZipTips (Merck Millipore). Mass spectrometry was performed using an Ultraflex II TOF/TOF mass spectrometer (Bruker Corporation, Billerica, MA, USA) with an accelerating voltage of 20 kV, and spectra were externally calibrated using the peptide calibration standard II (Bruker Corporation). Proteins were identified by matching the peptide mass fingerprinting and TOF/TOF results with the Swiss-Prot database (http://www.uniprot.org/) using the MASCOT Search engine v.2.2 (Matrix Science Ltd., London, UK). Database searches were performed using the following parameters: Taxonomy, Homo sapiens; and enzyme, trypsin. One missed cleavage was allowed. Carbamidomethylation was selected as a fixed modification and methionine oxidation was allowed as a variable. The peptide and fragment mass tolerances were set to 50 or 100 ppm and 0.5 Da, respectively.
Transfection of MCF-7/PTX cells with a PPIA-specific small interfering (si)RNA. Cells were transfected with Silencer Select
Pre-designed siRNA specific for PPIA (s198123; Ambion; Thermo Fisher Scientific, Inc.) at a final concentration of 5 nM. Transfections were performed in six-well plates using Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Silencer Select negative control siRNA #1 (Invitrogen; Thermo Fisher Scientific, Inc.) was used as a negative control. Gene silencing was assessed between 24 and 72 h following transfection by western blotting.
Western blotting. Cells were lysed using Cell Lysis Buffer M containing 20 mM Tris-HCl (pH 7.4), 200 mM NaCl, 0.05% Nonidet P-40, and 2.5 mM MgCl 2 (Wako Pure Chemical Industries, Ltd.). Lysates were sonicated for 3 sec on ice and then centrifuged at 15,000 x g for 15 min at 4˚C. Protein concentration was determined using the Quick Start Bradford Protein assay (Bio-Rad Laboratories, Inc.) and protein samples (10 µg/lane) were separated by 15% SDS-PAGE followed by semidry transfer to a polyvinylidene difluoride (PVDF) membrane (GE Healthcare Life Sciences). The membrane was blocked with 3% membrane blocking agent (GE Healthcare Life Sciences) in PBS containing 0.1% Tween-20 (PBS-Tween), incubated for 1 h at room temperature with an anti-PPIA antibody (1:7,500 dilution; cat. no. 07-313; Merck Millipore) in 3% membrane blocking agent in PBS-Tween for 2 h, and incubated further with a horseradish peroxidase-conjugated species-specific donkey antibody (1:50,000 dilution; cat. no. NA934V; GE Healthcare Life Sciences). Immunoreactive bands were visualized using an ECL Prime detection kit and Hyperfilm ECL (GE Healthcare Life Sciences). The films were scanned with the GS-800 Calibrated Densitometer and analyzed by Quantity One, version 4.5.0. software (Bio-Rad Laboratories, Inc.). In parallel, the blotted PVDF membranes were stained with 0.008% Direct Blue 71 (Sigma-Aldrich; Merck Millipore) as described previously (15) , analyzed by the GS-800 and Quantity One software version 4.5.0 (Bio-Rad Laboratories, Inc.), and the total protein intensity of each lane was used as the sample loading control, as described previously (16) .
Statistical analysis. Statistical analyses were performed using Excel 2010 (Microsoft Corporation, Redmond, WA, USA). The results are expressed as the mean ± standard error of the mean, and P<0.05 was considered to indicate a statistically significant difference.
Results
Paclitaxel resistance in human breast cancer cell lines. The cytotoxicity of paclitaxel on the human breast cancer cell line MCF-7 and its paclitaxel-resistant subclone MCF-7/PTX was compared using MTT assays (Fig. 1) . The IC 50 values for paclitaxel were 7.7±1.5 and 580±50 nM for MCF-7 and MCF-7/PTX cells, respectively (P<0.05). The cytotoxicity of paclitaxel on MCF-7/PTX cells was 75-fold lower than its cytotoxicity on MCF-7 cells.
Identification of differentially expressed proteins. The protein expression profiles of the MCF-7 and MCF-7/PTX cells were Mascot scores were based on the combined mass and mass/mass spectra from matrix-assisted laser desorption/ionization-TOF/TOF identification. pI, isoelectric point; TOF, time of flight. compared to identify proteins associated with paclitaxel sensitivity. To confirm reproducibility, proteins were extracted from each cell line three times and four 2-D gels were prepared for each cell extract. Gel analysis showed a consistent image with reproducible resolution of the 2-DE maps. CBB R-250 staining revealed >400 protein spots on each 7-cm gel (pH 3-10 NL) ( Fig. 2C and D) . Six and seven images were analyzed for the pH 3-10 and pH 4-7 gels, respectively. Differences in protein expression that were ≥1.5-fold (P<0.05), as indicated by changes in the intensity of the spots on the gels, were defined as statistically significant (Fig. 2) . In total, 30 differentially expressed protein spots were detected, including 13 upregulated and 17 downregulated spots. Using this procedure, 11 proteins were identified as upregulated, while 12 proteins were determined to be downregulated (Tables I and II) . The functions of identified proteins were assigned using information from the Swiss-Prot database (www.uniprot.org/uniprot/) and the protein function databases Pfam (pfam.xfam.org/).
Knockdown of PPIA expression in MCF-7/PTX cells.
PPIA expression was significantly higher in MCF-7/PTX cells compared with MCF-7 cells (Fig. 2C and D, spot no. 8) .
To investigate the role of PPIA in paclitaxel resistance, siRNA-mediated knockdown of PPIA was performed and paclitaxel-induced cell death was assessed by viability assays (Fig. 3A) . Notably, paclitaxel sensitivity was significantly increased in siRNA-treated cells compared with untransfected MCF-7/PTX cells and negative control siRNA-treated counterparts (Fig. 3B) . The IC 50 values of paclitaxel were 3.2±1.1, 160±57, 175±100 and 14±9 nM in MCF-7 cells, MCF-7/PTX cells, negative control siRNA transfected MCF-7/PTX cells and PPIA-siRNA-transfected MCF-7/PTX cells, respectively. These results indicate a close association between PPIA and paclitaxel resistance in MCF-7 cells, and suggest that PPIA levels may predict MCF-7 resistance to paclitaxel.
Discussion
The purpose of this study was to investigate the mechanisms underlying paclitaxel resistance in breast cancer cells and to identify markers of drug resistance. To this end, a proteomic analysis using 2-DE coupled with MALDI-TOF/TOF mass spectrometry was conducted, and 23 differentially expressed proteins between paclitaxel-resistant MCF-7/PTX cells and parental MCF-7 cells were identified. These proteins were classified into several functional groups, including roles in the stress response, metabolism, cytoskeleton and apoptosis. Differences between the experimental and theoretical molecular mass/isoelectric point values were observed for stress-70 protein (GRP75), heat shock cognate 71-kDa protein (HSP7C), UDP-glucose 6 dehydrogenase (UGDH), cytokeratin 8 (CK8) and heat shock protein β-1 (HSPB1), which may be attributed to posttranslational modifications such as cleavage and/or phosphorylation.
Notably, it was observed that the stress-response chaperones, GRP75, HSP7C, 78-kD glucose-regulated protein (GRP78), PPIA and superoxide dismutase [Cu-Zn] (SODC) were upregulated in MCF-7/PTX cells, whereas 26S protease regulatory subunit 7, peroxiredoxin-1, peroxiredoxin-6 and HSPB1 were downregulated in MCF-7/PTX cells. GRP75, HSP7C and GRP78 are members of the heat shock protein 70 (HSP70) superfamily, which perform essential Mascot scores were based on the combined mass and mass/mass spectra from matrix-assisted laser desorption/ionization-TOF/TOF identification. pI, isoelectric point; TOF, time of flight. roles in facilitating proper protein folding and in preventing the aggregation of denatured proteins in order to maintain protein homeostasis (17) . These proteins are upregulated by heat, hypoxia, oxidative stress and toxic chemicals, and subsequently enhance cell survival (17) . HSP70 family members are highly expressed by cancer cells, wherein they promote cell growth and survival via multiple anti-apoptotic functions (17) . For instance, GRP75 overexpression has been associated with increased cancer cell malignancy, implicating its use as a biomarker of metastatic cancer (18, 19) . Tables I and II. A B C D
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Furthermore, knockdown of endogenous GRP78 expression by siRNA sensitized human breast cancer cells to estrogen starvation-induced apoptosis (20) , while its upregulation is associated with resistance to chemotherapeutic drugs such as doxorubicin, 5-fluorouracil (5-FU) and vincristine (21) . In addition, SODC eliminates reactive oxygen species and promotes cisplatin resistance in ovarian cancer cells (22) . The authors of the present study hypothesize that these proteins may also function as anti-apoptotic factors in MCF-7/PTX cells and may play a role in paclitaxel resistance. The present study demonstrated that PPIA was upregulated in paclitaxel-resistant breast cancer cells, and that its siRNA-mediated knockdown restored paclitaxel sensitivity to MCF-7/PTX cells. PPIA is a peptidyl-prolyl cis-trans isomerase that catalyzes the cis-trans isomerization of proline imidic peptide bonds, promotes protein folding and binds to the immunosuppressive drug cyclosporin A (23) . A previous study reported that PPIA is overexpressed in many cancers and is involved in the various stages of tumorigenesis (24) . Furthermore, PPIA upregulation was shown to prevent cisplatin-induced apoptosis by limiting the subsequent accumulation of reactive oxygen species, while PPIA knockdown increased the rate of cell death (25) . Therefore, we hypothesized that PPIA functions in the regulation of cell death and paclitaxel resistance in MCF-7/PTX cells. In future studies, we plan to investigate whether PPIA is a prognostic biomarker for paclitaxel resistance using clinical tumor specimens.
The present study demonstrated that three metabolic proteins, pyruvate kinase M2 (PKM2), ATP synthase β and nucleoside diphosphate kinase A, were upregulated, whereas glucose-6-phosphate 1-dehydrogenase, UGDH and phosphoglycerate mutase 1 were downregulated, in MCF-7/PTX cells. Notably, the differential expression of PKM2 (26) and ATP synthase β (27) has been shown to have important roles in multi-drug resistance and apoptosis. Furthermore, heterogeneous nuclear ribonucleoprotein (hnRNP) H3 (HNRH3), which is a member of the hnRNP protein family that includes numerous nucleic acid binding proteins and spliceosome components and which function in the splicing of selected target mRNAs (28) , has been shown to prevent the apoptosis of cancer cells by regulating the alternative splicing of transcripts that have important roles in apoptosis (29) . Therefore, the upregulation of certain anti-apoptotic proteins in MCF-7/PTX cells may also prevent apoptosis induced by paclitaxel.
The present study also demonstrated the upregulation of the cytoskeletal proteins, stathmin and tropomyosin α-1, and the downregulation of tubulin α-1A, tubulin β-4B, β-actin, CK8 and CK18, in MCF-7/PTX cells. In our previous study, it was demonstrated that CK8 undergoes differential phosphorylation and/or cleavage in 5-FU-resistant colon cancer cell lines (14) . Similarly, in the present study, full length 53-kDa CK8 (Fig. 2 , spots no. 22 and 23) and its 50-kDa cleavage product (Fig. 2 , spot no. 24) were downregulated in paclitaxel-resistant cells. CK8 and CK18 function in the cytoskeleton as intermediate filament components, and are phosphorylated in response to cellular stress (30) . Furthermore, cleaved, soluble fragments of CK released from apoptotic cancer cells can be detected in bodily fluids, including serum (31) . Therefore, we plan to analyze clinical samples in future studies to determine whether the phosphorylated and/or cleaved forms of CK8 and CK18 are potential prognostic biomarkers for paclitaxel and 5-FU resistance.
Stathmin is a microtubule-destabilizing protein and plays an important role in the regulation of mitosis (32) . Previous studies have determined that stathmin expression is associated with paclitaxel resistance in breast cancer cell lines (33) and with clinical responses to taxanes in patients receiving standard treatment (34) . Notably, stathmin and the stress-response chaperones, GRP75 and GRP78, bind to tubulin (35) , which is the target of paclitaxel. Among the 14 identified tubulin heterodimer-associated proteins, GRP75, GRP78 and stathmin were all upregulated in MCF-7/PTX cells. This may be the result of direct or indirect effects on paclitaxel resistance and/or stress-response chaperones, which could convey protection against paclitaxel-induced stress and apoptosis.
In conclusion, the present study identified 23 proteins that were differentially expressed in paclitaxel-resistant MCF-7/PTX cells compared with the paclitaxel-sensitive parental MCF-7 cell line using proteomic techniques. Among these proteins, PPIA levels were upregulated in MCF-7/PTX cells, the knockdown of which restored paclitaxel resistance. These results suggested that PPIA plays an important role in paclitaxel resistance in MCF-7/PTX cells, likely by inhibiting apoptosis through various means.
